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A COMPARTSON OF SEVERAL SYSTEMS OF BOUNDARY-LAYER REMOVAL AHEAD OF
A TYPICAL CONICAL EXTERNAT.-COMPFRESSION SIDE INLET AT MACH
NUMBERS OF 1.88 ARD 2.93

By Thomas G. Plercy and Harry W. Johnson

SUMMARY

An experimental investigetion wes conducted at Mach numbers of
1.88 and 2.93 to determine the performance characteristics of & conical
external-compression side iInlet model utilizing a swept-leading-edge
boundary-layer-removal scoop. Two alternative boundary-layer-removal
systems were also investigated wherein removal was accomplished by
means of a 62° 6' deflectilon wedge, which replaced the ducting of the
swept scoop, and by cowl-lip scoops. Comparisons are made with the
performance of the inlet utilizing the ram scoop (straight leading edge
with enclosed sides) and other removal systems previously reported.

With maximum removal of the boundary layer, the inlets with
straight and swept-leading-edge scoops were found to glve essentially
the same total-pressure recovery. At Mach 1.88 the maximum total-
pressure recovery was approximately 89 percent. At Mach 2.93 the maxi-
mum total-pressure recovery of all systems of removal investigated
herein was approximately 49 percent, although 51.5 percent was achieved
in previous tests using the ram-scoop removal system. When the mass
flow captured by the boundary-layer scoop was reduced, the swept-scoop
inlet was found to exhibit approximestely the same large adverse effect
on Inlet pressure recovery and stability as was previocusly cbserved
with the straight ram scoop.

The deflection wedge and the cowl-lip scoop removal systems were
found to give total-pressure recoveries comparable with those of the
ducted scoops when the boundary-leyer-removal system was sufficliently
large in comparison with the boundary-layer thickness. At equivalent
pressure recovery the cowl-lip scoop spllled the least amount of air
and Iindicated a total projected frontal area of inlet plus scoop as
small as or smeller than the inlet with conventional scoop or wedge
removal systens.
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TNTRODUCTION

The use of the ram-type boundary-layer scoop {straight leading
edge with enclosed sides) as a means of removing the boundary layer
ahead of conlcal external-campression side inlet configurations at Mach
pumbers of 1.88 and 2.93 has beén reported in references 1 and 2,
respectively. The 1nlet for these tests was mounted on & flat plate
at zero angle of attack and yaw with respect to the local free stream.
It was observed that, with sufficient removal of the boundary layer ’
ahead of the inlet, total-pressure recoverles comparable with those of
nose inlets could be cbtained at Mach 1.88; while at Mach 2.93 the
total-pressure recovery was slightly lower than that obtained with a
nose inlet for the case considered. Some recent investigations of other
side inlet configurations using boundary-layer-removal scoops installed
on the fuselage of a proposed sqpersonic airplane are reported in refer-
ences 3 to 5.

The investigations reported in references 1 and 2 with the ram-
scoop removal system have Indicated that while the inlet performance
was acceptable with sgufficient removal of the boundary layer, reduction
of the amount of boundery-layer removal severely reduced the inlet
total-pressure recovery. If the reduction in removal occurred through
a reduction in the boundary-layer-scoop mass flow with resultant spil-
lage into the inlet, an additionsl adverse effect of unstable operation
was encountered.

In reference 1 several alternative gystems of boundasry-layer
removel wherein the boundary layer was diverted around the inlet were
investigated briefly. For. those tests the boundary layer was simply
allowed to spill to the sides asround the inlet, either beneath the
splitter plate separating the inlet and boundary-layer flows or through
inlet-cowl slots. Inlet total-pressure recovery for all variations of
boundary-layer removal invegtigated showed improvements over that
obtained with the ducted scoop when no boundary layer was allowed to
enter the duct (i.e., low scoop mass-flow ratio)}. The swept-leading-
edge splitter plate with complete blockage of the flow downstream of
the inlet and heneath the splitter plate was the most effective of the
variations investigeted. This configuration successfully diverted the
boundary layer around the Inlet.

For the designer who wishes to use the air obtained from boundary-
layer removel for cocling or as a source of secondary air in ejector
designs, the swept-leading-edge boundary-layer scoop with ducting there-
fore appeared promising; pressure recovery obtailned with maximum removal
of the boundary layer should be equivalent to that previously obtained
using a ram scoop, and the inlet pressure recovery should be less sensi-
tive to boundary-layer scoop mass flow because of the ability of the
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boundary layer +to spill to the sides of the inlet rather than over the
splitter plate and into the inlet.

In the present investigation the performance of the inlet with
the swept scoop was determined at Mach numbers of 1.88 and 2.93 at the
NACA Lewils laboratory and compared with the inlet performance obtained
using the ram scoop of references 1 and 2. In addition, wedges beneath
the splitter plate and cowl-llp scoops were investigated and compared
with other methods of boundary-layer removal.

SIMBOLS
The following symbols are used in this report:

Py = Po
static-pressure coefficient, defined by ——aa———

P
o pressure drag coefficient, defined by —t— k/Fzmax dz
dp ’ ' Zmax . Jo °p
h height of boundary-layer-removel system sbove flat plate
h/G dimensionless boundary-layer scoop height parameter
L plate length, measured from leading edge to spike +tip
L/R dimensionless plate length parameter
M Mach number
m - mass flow
X boundery-layer profile parasmeter, based on V/VO = (y/S)l/N
P total pressure
P static pressure
a free-streem dynamic pressure, d9 =.% POMCZ
R inlet redius, 1.5 in.

V/VO ratio of veloclty in boundary layer to free-stream velocity

y normal distance above plate
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A lateral distance from center line of inlet measured parallel to
plate ’ o ) —

T ratio of gpecific heats = 1.4 o . _

<} boundary-layer thickness, distance from flat plate surface to

point in boundary layer where velocity is equal to 0.99 free-
gstream velocity

S/R dimensionless boundary-layer thickness parameter

8*/9 boundary-layer form factor, quotlent of boundary-layer displace-
ment and momentum thicknesses

Subscripts:

D inlet . . e e

max maximm

8 boundary-layer scoop

w wedge

0 free stream

1 conditions 1/2 inch upstream of spike tip

z condltions at exit of diffuser or boundery-layer scoop

APPARATUS AND PROCEDURE
Boundary-layer-Removal Systems

The side inlet configuratlions utilizing ram-type scoops investi-
gated at Mach numbers of 1.88 and 2.93 have been described in refer-
ences 1 and 2, respectively. The inlet in each case was half-conical,
with external compression provided by cone half-angles of 25° and 30°
for Mach numbers of 1.88 and 2.93, respectively. The inlets were mounted
on a flat plate, and the boundary layer which developed on the plate
was removed with scoops having leading edges normal to the flow. The
inlets were at zero asngle of attack and yaw with respect to the local
free gtream. For the majority of the present tests the boundary-layer-
removal system was modified as follows (see fig. 1(a)):
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(a) The splitter plate dividing the flow for the inlet and
boundary-leyer scoop was swept fram the spike tip %o thg lip of the
inlet. This resulted in sweep angles of 42° 36' and 38° 58' for the
configurations of Mach numbers 1.88 and 2.93, respectively.

(b) The swept splitter plate was beveled on the lower side at
approximately 9. 5° in the streamwise plane. The flat plate upon which
the initial boundary leyer wes built up was machined cut directly
beneath the splitter plate, so that for zero removal of the boundary
layer (h = 0), the splitter plate could become flush with the main
plate. The beveling of the splitter plate and the machining of the
main plate were performed to lessen the possibility of choking beneath
the splitter plate at small values of h. (Details of the swept-scoop
configuretion may be seen in photographs of a related model in fig 12.)

Tn sddition to the removal of the boundary layer through scoops,
two alternative systems of boundary-layer removal were Investigated.
The first of these employed a wedge beneath the splitter plate to
divert the boundary lasyer. This wedge was instrumented with static-
pressure taps to provide data for determination of the pressure drag
incurred with this system of removal. The wedge removal conflguration
is shown schematically in figure l(b), while a photogrsph of the model
installed in the 18- by 18-inch Mach 3.05 tunnel 1s included in fig-
ure l(c) The wedge tip was located at the apex of the conical splke
with the wedge swept back at as small an included angle (62 6') as the
model would permit.

The second alternative system of boundary-layer removal was an
adaptation of cowl slots introduced in reference 6. "Cowl-lip" scoops
were provided to forcibly spill the boundary layer through the cowl
slots. This was accomplished by a continuation of the spike centerbody
to the cowl and by providing a splitter plate lnside the 1ip to divide
the boundary-layer scoop and main inlet flows. The cowl-lip scoop con-
figuration is shown schematically in figure 1(d); a photograph of the
model installed in the 18- by 18-inch Mach 1.91 tunnel is included in
figure 1(e).

Instrumentation

For the boundary-layer-removal systems Involving ducting, a system
of rotameters was used to messure and control the mass flow through the
boundary-layer scoop, as described in references 1 and 2. The flow
captured by the scoop was returned to the tunnel test section. Total
pressures in the boundary-layer duct were measured with a 17-tube rske.




6 e ] NACA RM ES3F16

For the tests at.Mach 1.88 the flow properties Tollowing diffusion
were determined with the rake shown in figure 2. The rake consisted of
13 pitot-static tubes each of which (with the exception of the center
tube) was located at the centroid of equal areas. The rake was locatbed
approximately 2 diffuser exit dismeters downstream of the end of the
diffuser sectlon. Mess flow through the inlet was remotely controlled
with a butterfly valve and wes measured with a stendard A.S8.M.E. 4-inch
orifice, as described in reference 1.

For the tests at Mach 2.93, inlet mass flow was controlled with a
movable exit plug, and flow characteristics following diffusion were
determined with a rake consisting of 41 total-pressure tubes, 4 static-
pressure tubes, and 4 wall static orifices. This instrumemtation was
the game as that described in reference 2.

Boundary-Layer Data

The boundary layer l/2-inch upstream of the gpike tip was deter-
mined from pressure measurements as described in references 1 and 2 for
a plate length parameter L/R of 9.67. The initial defects 1n mass
flow end total pressure due to the presence of the boundery layer are
reproduced in figure 3. Carborundum dust near the leading edge of the
plate developed turbulent boundary-layer profiles with the characteris-
tics presented in the following table:

My | LR 8" /6 5R | ¥

1.88 9.67 2.85 0.150
2.93 9.67 5.05 .160 7

-~

The power profile parameter N was determined using the calculated
velues of 8%/6 from reference 7.

Test Conditlions and Varisbles

Test-section total temperature was held at 150° F, while the total
presgure-—was essentially atmogpheric. This resulted in test-section
Reynolds numbers of the order of 3.24x10° and 1. 75x10% per foot for test
Mach numbers of 1.88 and 2.93, respectlvely. The dew point was main-
tained in the range -20° to 5 F to ensure negligible weter condensa-
tion effects.

For the configurations employing swept-leading-edge boundary-layer
scoops, the boundary-leyer scoop height h was varied from zero to a
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value greater than the boundary-layer thickness. At each scoop height
the inlet mess flow was varied from the supercritical value to well
within the inlet instebllity region, and the boundary-layer scoop flow
was varied from the maximum attaineble to zero. Inlet total-pressure
recovery was obtained as & function of inlet mass flow, scoop mass flow,
and the height of the boundary-lsyer scoop.

For the wedge conflgurations the original flat plate (i.e., with-
out the indentetion beneath the splitter plate) was used. Systematic
variation of the amount of boundary-layer removal was cbtained by vary-
ing the height of the wedge. Inlet pressure recovery and mass flow were
determined as described previously.

For the cowl-lip scoop configurations the nonindented flat plate
was alsc used. The helght of the scoop was varied in steps to obtain
the effect of various emounts of boundary-layer removal on the inlet
pressure recovery and mass flow.

Pressures were recorded photographically on multimenometer boerds.
Schlieren pictures of the flow in the vicinity of the inlet were mede
during steady and unsteady condltions. Pressures and mass flows pre-
sented during unstable operation represent, es nearly &as possible,
average values.

Mass-Flow and Total-Pressure Referencing

As described in references 1 and Z, the mass flow and total-
pressure recovery of the side inlet with scoop-type removal were refer-
enced to conditilons 1/2 inch upstream of the spike tip. The reference
total pressure Pl p Trepresents an area-weighted pressure composed of
free-stream and thé lower energy boundary-layer flow in the stream tube
of the projected inlet area. Similarly, the mass flow m D represents

the area-weighted mass flow in the stream tube of the projected inlet
area decreased by approximately 7 percent design spillage. Total pres-
sure and mess flow expressed as ratlos of the free-giream values for
the inlet and scoop are reproduced in fi e 3 ag functions of the
boundary-leyer scoop height perameter h/S. These curves permit the
data presented to be referenced to free-stream conditions if desired.
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DISCUSSION OF RESULTS
Swept-Scoop Inlet

For each value of the swept-scoop helght. investligated, the boundary-
layer scoop mass flow was varied from the maximum ettainable to zero
for several values of the diffuser exit Mach number. The date are
presented in figures 4 end 5 for Mach numbers of 1.88 and 2.93, respec-
tively, for several values of h/S. Inlet total-pressure recove
PZ,D/Pl,D is plotted as a function of inlet mass-flow ratioc mD7gi,D’

with the scoop mass-flow ratio ms/ms end diffuser exit Mach
smax

number M, as parameters. Dashed lines represent—unsteble operation.
(It should be noted that my p “incorporates approximetely 7 percent
spillage.) It is immediately evident from these plots that, contrary
to expectations, the inlet was quite sensitive to boundary-layer scoop
mess flow. A comparison of these plots with similar data In references
1l and 2 shows only & very slight improvement in this respect. However,
with superecritical inlet operation, it was noted that inlet stability
was slightly less semnsitive to reduced scoop mass flow using the swept
scoop as compered with the ram scoop.

Swept boundary-layer scoop at Mach 1.88. - At Mach 1.88 (fig. 4)
peak total-pressure recovery occurred at smaller inlet mass flow than
was noted for the ram scoop. Visual evidence of the stable suberitical
operation possible with the swept scoop 1s shown in figure 6, which has
been retouched slightly for clarity. For both ram and swept scoops it
wae noted that at the larger values of h/S investlgated peak pressure
recovery was attelned wilth sllghtly reduced scoop mass flow.

With supercritical inlet operation some Indications of the desired
reduction of sensitivity of the inlet to the scoop mass flow were noted,
since the scoop mags flow could be reduced as much as 25 percent with
very little reduction of inlet pressure recovery or mass flow. Insight
into this reduction in sensitivity msy be geined by referring to figure
6(d). Even with maximum scoop mass flow, a partially expelled shock
system was noted beneath the splitter plate. For a limited range of
scoop mass~-flow ratios prior to the onset of scoop instablility, the
resultant spillage was able to pass around the inlet with the swept
splitter plate rather than into the inliet. _

Swept boundary-layer scoop at Mach 2.93. - At Mach 2.93 the Inlet
mass flow at pesk pressure recovery was essentially the same as that
obtained with the ram scoop. Peask pressure was generally accompanied by
a small amount—of inlet instablility. Some of—the schlieren photographs
of the pesk pressure condition in figure 7 show a slight fuzziness of
the lip shock, indicating the magnitude of the instabllity. No bow shock
was evident, as wilth previous results using the ram scoop. Pesk pressure
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was again attained at slightly reduced scoop mess flow for h/S greater
than 1.0. Some reduction in Inlet sensitivity to scoop mass flow was
noted as for the lower Mach number.

Summary of swept scoop and comparison with ram scoop. - Summary
plots of the side inlet performance with swept-scoop boundary-layer
removal are presented in figures 8 and 9 for Mach numbers of 1.88 and
2.93, respectively. Pesk total-pressure recovery is plotted as a func-
tion of boundary-layer scoop helght parameter h/S and scoop mass-flow
ratio ms/mS,max' Regions of inlet insteblility are represented by
dashed curves. These results are similar to those previously reported
for the ram scoop and show graphically the sensltivity of inlet pres-
sure recovery to boundary-layer removal. The regions of inlet insta-

bility are essentially the same as those reported for the ram scoop.

In figures 10 and 11 comparisons are presented of the peak total
pressure for the cases of maximum and zero removal of the boundary layer
es a function h/8 for the ram and swept scoops for the two Maech numbers
considered. With masximum removal of the boundary layer
(ms/ms,max = 1.0), the two systems of removal gave essentially the same
pressure recovery; at Mach 1.88 in figure 10 the peak total-pressure
recovery is approximately 89 percent. The most significant difference
In pressure recovery occurred at Mach 2.93 near h/& of 0.9; the pesk
total-pressure recovery wlth swept-scoop removal is 49.6 percent compared
with 51.5 percent for the ram scoop. This discrepancy 1s not readily
explained but may have resulted from the slight change in Reynolds num-
ber. With no boundary layer being teken into the scoop (mg = 0), some
improvements I1n pressure recovery were obsgerved using the swept-scoop
configuration.

Visual flow observations. - During unstable operating conditions
the shock patterns were found to very with h/S, boundary-laeyer scoop
mass flow, and degreé of subcritical operation. These shock patterns
were described fully In reference 2 and apply equally well for the swept-
scoop configuration. One minor difference noted was that for suberitical
operation with the swept scoop the shock disturbance was not propagated
upstream to the end of the plate as it was with the ram scoop. It is
believed that the abillty of the boundary-layer scoop to spill around
the sides of the inlet may be an Important factor affecting this reduc-
tion in degree of shock instability.

An attempt to examine the flow inside the inlet was made by modi-
fying the swept-scoop model used in the tests at Mach 1.88 by replacing
the outer metal half-cylindrical section with a Plexiglas window. This
required a modified external 1lip section, the first 1/2 inch of which
was ldentical to the original section. Small thread tufts were mounted
on one-half of the Plexigiaes window, on the inlet centerbody, and along



10 L - % NACA RM ES3F16

the floor of the inlet between the centerbody and the window. In fig-
ure 12 the movement of the internal shock from well within the subsonic
diffuser to peak pressure recovery 1s presented. As indicated in fig-
ure 12, separation occurred behind the internal shock, especially on

the centerbody and on the floor of the inlet next to the centerbcdy.

No separation was noted on the Plexiglas window except in the immediste
vicinity of the shock, indicating a rapld reattachment on the surface
subjected to the least boundsry layer. It was observed that, at the
peak pressure conditions for the larger values of h/8, reattachment of
the boundary layer on the centerbody occurred sufficlently forward to
be viewed through the Plexiglas window. This reattachment of the bound-
ary layer on the centerbody was not observed at smaller values of h/&,
substantiating the belief that the boundary layer entering the inlet
tends to destebilize the internal flow. Inlet instability was charac-
terized by a rapld fore and aft movement of all tufts, indicating an |
actual reversal of the flow. When the inlet was operating supercriti-
cally, decreasing the scoop mass flow until scoop instability occurred
produced essentially the same results, with the oscillation of the tufis
being most noticeable on the floor and on the centerbody. B

Scoop Performance

Performance characteristics of the swept scoop are presented in
figure 13. 8Scoop total pressure Pz S/Po is plotted as a function of

the theoretical scoop mass-flow ratio m /m1 for several values of

h/8. The theoretical mass flow which would be captured in the stream
tube of the projected scoop if na spillage occurred is represented by
m g A compserison of figures l3(a) and 13(b) with references 1 and 2,
respectively, for the ram scoop indicates that the swept-scoop config-~
uretion spilled 15 to 20 percent more flow than the ram scoop at Mach
1.88, while 5 to 15 percent more was spilled at Mach 2.93. Pesk scoop
pressure recovery with the swept scoop is essentially the same ag that
obtained with the ram scoop at Mach 2.93; while at Mach 1.88, the swept
scoop yields & slightly higher value. Included in figure 13 arethe
theoretical scoop total-pressure recovery data according to the method
of reference 8. Thege data were obtained using a calculated power pro-
flle parameter N of 7, and correspond in the present nctation to

h/S of 1.0. Friction losses were not included. It is felt that most
of the discrepancy between the theoretical and meagured totel pressures
was due to the rather poor internal fairing of the boundary-layer duct,
made necessary by the design requirement of variable 8scoop height as __
shown in figure 1(a); the wall friction is, of course, another contribut-
ing factor. - . ) e e e _ ) -

2944



vv6¢

CC¢-2 back

NACA RM E53F16 S 11

Alternative Boundery-Layer-Removal Systems at Mach 1.88

In an attempt to provide the designer with informetion of the
effectiveness of systems of boundary-layer removal in which the boundary
layer is not taken into ducts but rather 1s diverted around the inlet
beneath the splitter plete, several alternatlive systems of boundary-layer
removal were attempted in reference 1 at Mach 1.88. These resulls are
reproduced in figure 14. Shown for comparison are the ram-scocop data
for maximum and zero boundary-layer removal. These latter two curves
are slightly different from those presented in figure 10 because of the
difference in the boundary-layer thickness parameter &/R.

The first variation asttempted was that of removing {the sides of
the ram scoop to a point aspproximately one Inlet radius downstream of
the inlet 1lip. The boundary-layer duct was removed and replaced with
a blunt deflector. downstream of the inlet lip (fig. 4(b), ref. 1). The
maximum total-pressure recovery, obtained at h/B of 1.0, was 7 per-
centage points lower than that obtalned with complete removal through
the scoop.

The second alternative was a simple modification of the first.
The splitter plate dividing the inlet from the boundery layer was swept
from the spike tip to the inlet 1ip (fig. 4(c), ref. 1). This arrange-
ment worked especlally well, giving a pressure recovery 3 percentage
polints below that obtained with the original scoop at h/S = 1.0. A
third method employed cowl slots (fig. 4(d), ref. 1), allowing the low-
energy alr which asccumuletes in the corners to spill out of the inlet.
This configuration was found to give essentislly the same total pres-
gure as the ram scoop at the larger values of h/5.

Another conflguration investigated but not reported in reference 1
was a curved wedge installed beneath the splitter plate at h/8 of
1.0. This wedge was approximetely the same size as the wedge reported
herein, but had concave rather then straight sides. This configuration
geve a pressure recovery 5 percentage points below that obtained with
the ram-scoop model.

Boundary-layer removal using 62° wedge. - To extend the data of
alternative boundary-layer-removal systems, additional data were
cbtained on the wedge removal system. The model limited the minimum
included wedge angle that could be used beneath the splitter plate to
62° 6', with the tip of the wedge directly beneath the gpex of
the spike (figs. 1(b) and 1(c)). Wedges of various thicknesses were
ingtalled to give the variastion of inlet pressure recovery with h/B,
where h 1is defined as the thickness of the wedge plus the thickness
of the splitter plate (0.032 in.). This definition of h is then
equivalent to that used with scoop removel. IXach wedge was instrumented
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with static-pressure taps_éshown schematically in fig. 20) in order
that the pressure drag on the wedge could be debermined. The resulting
inlet pressure recovery - mass-flow characteristics as a function of
h/B are presented in figures 15 and 16 for Mach numbers of 1.88 and
2.93, respectively. Inlet instability 1s agaln shown with dashed lines.
At the lower Mach number, design supercritical spillage was obtained;
whereas at Mach 2.83 additional splllaege of the order of 5.5 percent
was observed with the largest wedge heights. An oll-flow technique
indicated a detached bow wave ahead of the wedge at both Mach numbers.
The additicnal spillage at Mach 2.93 may perhaps be attributed to the
effects of thls detached wave on the boundary layer ahead of the inlet;
it is not understood, however, why a similar effect was not observed

at the lower Mach number.

Schlieren photographs of the peak pressure conditions are presented
in figures 17 and 18. The detached bow wave ahead of the wedge at
Mach 1.88 is indlcated 1n figure 17, which has been retouched slightly
for clarity. (Tt 1s not indicated In fig. 18 at Mach 2.93 because of
the lack of sensitivity of the schlieren appardtus.) The standing bow
wave ahead of the lnlet at the peak pressure condltlon correlates the
subcritical stebllity noted at the lower Mach number in figure 15.

During unstable inlet operation the shock disturbance was trans-
mitted aimost to the end of the plate for all values of h/é at the
lower Mach number. At the higher Mach number the shock oscillation
during buzz extended onto the plate at the lower values of h/B; but
for h/8 of 1.133 and 1.655, the shock osclllation was restricted to
the spike only. Typlcal examples of these buzz patterns are indicated
in figures 19(a) and 19(b). Exposure time wes approximately 1 micro-
second. Figure 19(a) represents the shock pattern that extends upstream
of the splke. Separation of the boundary layer behind the forward shock
was observed. Figure 19(b) denotes a typical shock pattern on the
spike. The normal shock moved from inslde the 1lip to sbout one-hslf
the distence between the 1ip and the splke during this unsteble opera-
tion.

Wedge drag. - Wedge static-pressure distributions and orifice
stations are presented in figure 20. The free-sgtream static pressure
was determined with an orifice on the main plate located approximately
2.75 inches upstream of the gplke tip. Fach wedge wes instrumented with
one or more rows of statlec ovifices with 4 orifices per row. The statlc-
pressure coefflicient at each orifice was determined from.
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Inasmuch as the static pressure appeared to be a function of only the
distence along the wedge (i.e., not a function of the vertical orifice
location, except perhaps at the most upstream orifice statlon), the
stetic pressures were averaged at each of the four orifice stations.
The resuvlting static-pressure distributions along the wedge during
supercritical inlet operation ere presented in figures 20 and 21 for
Msch numbers 2.93 and 1.88, respectively. The static-pressure coeffi-
clents were somewhat smaller at Mach 2.93 than at 1.88. These pressure
distributions, which appeared to correspond to subsonic flow along the
wedge, varied considersbly and irregularly, althou the trend of larger.
pressure coefflcients with increasing values of h/® was observed for
the two Masch numbers considered.

A pressure drag coefficient

A
C =__J:_ C d=z
P Tmax |, P

defined by these data was determined; the distributions are presented
in figures 22 and 23 for Mach numbers 2.93 and 1.88, respectively. The
pressure drag coefficient 1s plotted as & function of inlet mass flow
for several values of h/ﬁ. The solid portions of the curve correspond
to stable inlet operation. The pressure drag coefflcient was found to
Increase steadily as the height of boundary-layer removal was Increased.

Boundary-layer removal using cowl-llp scoop. - Cowl slots provide
a method of allowing low-energy air which tends to accumulate in the
corners of the inlet to escape by means of the pressure differentisl
which exists across the 1lip. The effectiveness of thils removal system
1s indicated in figure 14. It was proposed that 2 more positive method
of keeplng the boundary layer out of the inlet might be more effective
and thus improve the inlet performance at the lower values of h/B.
Accordingly, the cowl slot was modified into & cowl-lip scoop, the
details of which were given in figures 1(&) and 1(e)}. This configuration
was investigated in some detail at Mach 2.93 and less completely at
Mach 1.88. The resultlng pressure recovery - mass-flow characteristics
of the inlet are presented in figures 24 and 25 for several values of
h/B, where h 1s defined as the height of the slot. In these figures
the reference pressure Pl,D’ which by definition is the average total

pressure shead of the inlet 1n the projected area of the inlet, is arbi-
trarily held constant at the wvalue corresponding to h/ﬁ of zerc in
figure 3 because of the difficulty in estimating the effective projected
area of the inlet with this type of boundary-layer removal. (The cowl
slot data iIn figure 14 have been corrected to thls basis in transcribing
the data from ref. 1.) Thus, in figure 24 for Mach 2.93, it may be
obgerved that as the helght of the cowl-lip scoop 1s increased, pressure
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recovery increases; whereas the Inlet mass flow generally decreases.

At the largest scoop height tested (h/& of 1.254), the pesk pressure
recovery in terms of the average pressure ahead of the inlet was 54.9
percent. A peculiar double peak curve was noted for this value of h/S,
with inlet instability occurring at the first peak. In figure 25 for
Mech 1.88, the cowl-lip scoop was Ilnvestigated only at h/S of 1.0 and
1.361. Considerably more mass flow was spilled at Mach 1.88 than at
Mach 2.93. . '

Schlieren photographs of the inlet at pesk pressure recovery are
shown Iin figures 26 and 27. In figure 26 for Mech 2.93 a bow wave was
cbserved at h/S of 1.2543 the interaction of this wave with the con-
ical shock and lambda form of the bow wave resulted in a twin vorbtex
sheet near the lip which perhaps contributed to the unusual form of the
pressure recovery variationm with inlet mass flow. At the remaining
values of h/&, the peak pressure condition was steady and no bow waves
were noted. At Mach 1.88 filgure 27 shows that a2 bhow shock was also
observed at h/S of 1.361 in accordance with the reduced inlet mass-
flow ratlio at the peak pressure condition. .

Unsteble inlet operation shock patterns for the two Mach numbers
were identical. In figure 28(b) for the larger values of h/8, the
shocks were confined to the spike. At the lower values of h/S the--
shock oscillation was extended to the plate, as shown in filgure 28(&).

Comparison of Boundery-Leyer-Removal Systeins

As mentioned previocusly, the significance of h/S in the case of
the cowl-lip scoop is not the same as with a scoop removal system. For
the latter, h/S is a measure of that portion of the boundary layer pre-
vented from entering the inlet. For the scoop removal configurations,
P1,p tends toward the free-stream total pressure as h/8 1is increased.

In the case of the cowl-lip scoop, Pl,D was consldered comstant at

the value corresponding to h/& equal to zero for the scoop removal
systems. It 1s thus difficult to compare the inlet performance for the
three systems of boundary-layer removel investigated herein on the hasis
of-the average pressure shead of the inlet. However, in the interests
of consistency, figures 29(a) and 30(a) compare the inlet pressure N
recovery with the swept-scoop and deflectlion-wedge removal systems on
the basis of Pl,D- For a comparison of all three systems, the pressure

recovery is referenced to the free-stream total pressure Pp 1in fig-
ures 29(b) and 30(b). Figure 3 was used in the conversion.

In figure 29(b), for Mach 2.93, it may be observed that each sys-

tem of boundary-lsyer removal gave aprroximately 48 percent total pres-
sure recovery for h/B greater than l1.2. The peak values of

2944
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total-pressure recovery varied only slightly from 49 percent and
occurred at spprecisbly different values of scoop height parameter.
The total-pressure recovery obtained using the ram scoop was 51.5
percent, as mentioned previously.

Similarly, peak totel-pressure recovery date for the three systems
of boundary-layer removal at Mach 1.88 are presented in figure 30(Db).
It was noted that each system of boundary-layer removal investigated
herein and the ram scoop gave comparable total-pressure recoverles of
89 percent, although a larger scoop helght was required faor the wedge
and cowl-1lip scoop systems. A comparison of the cowl slot of figure 14
with the cowl-lip scoop of the present investigetion indicates that at
large values of h/S the pressure recovery of the cowl-lip scoop is
slightly higher than that obtained with the original cowl slot. At low
values of h/B direect comparisons cannot be made because of the lack
of data 1In the present investigation, although the general falring of
the curves indicates that the cowl slot and cowl-1llp scoop are compar-
able. :

Although cowl-lip scoop and wedge removal systems would not gener-
ally be expected to yleld the same varietion of inlet pressure recovery
with h/& as would the conventlonal boundary-leyer scoop, some explan-
ation is believed required for the discrepancy between the inlet per-
formance with scoops and wilth wedges. It should be noted that the wedgée
studied in the present investigation had a half-engle greater than the
compression cone half-angle; hence the wedge shock (even if attached)
would lie ahead of the leading edge of the splitier plate which was
swept nearly at the conical shock angle. Detachment of the wedge shock
due to the boundary layer would aggravate this condition. For example,
at h/S of 1.0, same of the boundary layer behind the shock from the
wedge would flow up and over the splitter plate into the inlet. Thus
it might be expected that em h/8 greater than 1.0 would be required
to keep the low-energy air out of the inlet. It might also be expected
that a reductlion in sweep of the splitter plate would reduce the upflow
of low-energy air into the inlet.

For = somewhat similar wedge-inlet cambination in reference 9
there were indications of better wedge effectiveness. The wedge in that
example was beveled at 30°. Also, unpublished data from the authors of
references 3 and 4, for two-dimensilonsl compression ramp and spike-type
inlets, respectively, have shown equivalent inlet pressure recovery -
mass-flow characteristics with wedge and scoop removal gystems at h/s
of 1.0. The wedge included angle was approximately the same as the
angle of the present tests. One appreciable difference in the config-
urations was thet in references 3 and 4 the leading edge of the wedge
was set aft of the leading edge of the splitter plate by approximately
20 percent of the distance to the lip of the inlet. The oil-flow
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technique mentioned previously showed that as the wedge was moved aft—

beneath the splitter plate, the detached bow shock in front of the wedge .
tended to follow. The rather effective boundary-layer removal observed
in even the extreme case of reference 1, when complete blockage of the
flow beneath the swept splitter plate was allowed considerably down-
stream of the inlet 1lip, is thus reasonable if the bow shock is also
downstream of the inlet 1lip.

In summary, thern, the deflection wedge system of removal should be
more effective if one or more of the followlng steps are taken: (l)
the wedge is located downstream of the apex of the come, (2) the wedge
included angle is reduced, and (3) the sweep of the splitter plate is
reduced.

2944

An additional indication of the effectiveness of the three systems
of boundary-layer removel is given in figures 31 and 32 for Mach numbers
of 2.93 and 1.88, respectively. The mass-flow ratilo mD/m(D+B) 0 for

2

critical inlet operation is plotted as & function of h/S The mass
flow m(D+s) o Yrepresents the theoretical mass flow passing through

the stream tube of the projected inlet—plus boundary-layer—removal Byé—
tem at free-stream conditions and 1s directly proportional to the total
projected area. The mass-flow ratio mp/m(p4s),0 is therefore indica-

tive of the inlet mass flow per unit total projected area. An Indica-
tion of the relative sizes of the inlet installations required to deliver
the same amount of inlet mass flow at equivalent pressure recoveries .
may be obtained from these figures. At the h/& at which maximum pres-
sure recovery was attained (indicated by flagged symbols in figs. 31

and 32), it may be seen that at Mach 2.93 the inlet mass flow per unit
total projected area is largest for the cowl-lip removal system; or, to
capture the same smount of inlet mess flow, the required total projected
area of the cowl-lip scoop inlet is smaller then for the sccoop- and
wedge-type inlets. At the lower Mach number (fig. 32), the required
projected areas are eassentially equivalent for the cowl-1ip scoop and
inlet-scoop configurations, while the wedge removal configuration
requires slightly larger inlet. Improvement in the design of the wedge
ingtallation would probably result in only small differences in total
projected ares of the three installations.

SUMMARY OF RESULTS AND CONCLUSIONS

An experimental investigation to compare several systems of-boundary-
layer removal ahead of a typical conical externel-compression side Inlet
yielded the following results:
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1. The maximm total-pressure recoveries observed at Mach numbers
of 1.88 and 2.93 were approximastely 89 and 49 percent, respectively,
for all systems of boundary-layer removael investigaeted. This compares
with 89 and 51.5 percent previously obtailned with the seme inlet util-
izing the ram-scoop removal system.

2. The swept-leading-edge boundary-layer scoop was found to offer
only slight improvements in the reduction of inlet sensitivity to the
boundary-layer-gcoop mess~flow ratio over that previously cbserved with
a ram-type boundary-layer scoop. The effect of scoop instability on
the inlet was reduced slightly by use of the swept scoop.

3. Two alternative systems of boundary-layer removal, namely, the
deflection wedge and the cowl-lip scoop, wére found to provide inlet
total-pressure recoveries comparesble with those of the scoop removal
systems provided slightly increased values of boundary-layer scoop
height were utilized.

4. At equivaslent pressure_recovefies the cowl-lip scoop spilied
the least amount of ailr and indicated a totel projected frontal areas
of inlet plus scoop as small as or smalier than the inlet wlth conven-
tional scoop or wedge removal systems.

Lewis Flight Pfdpulsion Labarafory
National Advisory Committee for Aeronantics
Cleveland, Ohio, June 5, 1953
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Figure 1. - Boundary-layer-removel systems.
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(b) 62° 6' wedge configuration.

Figure 1. - Continued. Boundary-layer-removal systems.
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{(c) Photograph of wedge model installed in 18- by 18-inch Mach 3,05 tumel.

Figure 1. - Continued. Boundary-layer-removal gystems.
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(d) Cowl-lip scoop.

Figure 1. - Continued. Boundsary-layer-removal systems.
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(e) Photograph of cowl-lip scoop model ingtalled in 18- by 18-inch Mach 1.91 tunnel.

Figure 1. - Concluded. Boundary-layer-remdval systems.
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Figure 2. - Location of pitot-static tubes in diffuser pressure

reke.
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18- by 18-inch Mach 1.91 tunnel.
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(a) n/8, 0.262; By 3/P; 3, 0.730 (b) B/8,70.854; P, /P 1, 0.800;
meml pr 0.940; m /ma pax? 100 ... mp/my p, 0.959; me/ms maxs 1.00.

mD/ml o O 359 4 /mEI max? 1 oo. mD/ml p 0 862 n /m‘5 max? O sss

C=-33030
(e¢) b/8, 1.053; ‘Pp, D/Pl ps 0.883; T (f) h/s, 1.248; Py, 1,/Pl p» 0.89L;
mp/my ,p, 0.906; msfms mxs 0.902. mD/ml ps 0.923; m /mB mexs ©-805.
Figure 6. - Steady schlieren photogrepiia of peak presauvre oondi‘t:l.ons for swapt-scoop model
at Mach 1.88.
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Figure 7. - Steady schlleren photographa of peak pressure conditlions for swept-scoop

model at Mach 2.93.
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Inlet total-pressure recovery, PZ,D/PJ.,D

Figure 8. - Sumeary of effect of boundary-layer removal on peak total-

Boundary-layer scoop height parameter, h/8

pressure recovery of side inlet with swept scoop at Mach 1.88.
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Inlet total-pressure recovery, Pz,D/Pl,D

Figure 9. - Summary of effect of boundary-layer removal on peak total-pressure recovery

Boundary-layer scoop height parameter, h/®

of side inlet with swept scoop at Mach 2.93.
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Inlet total-pressure recovery, PZ,D/PJ_,D

NACA RM ES3FL6
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Boundary-layer scoop height perameter, h/S

Figure 11. - Comparison of peak total-pressure recoveries of side inlets

with ram and swept scoops at Mach 2.93.
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14414

(a) b/8, 0.992; P, 0.491;

mp/my p, 1.00.

D/ 1D’

n’iD/ﬁil';b',' 1.00.

(c) h/&, 0.992; pz D/P1 ps ©.563; (d) n/s6, 0.992; Pa,D/‘Pl,D, 0.618.
mp/my p, .00, - ---mD/ml’D, 0.981.

C~-33032

(e) n/8, 0.992; Pp 1Py p, 0.868;
m,/my 5, 0.880.

Figure 12, - Tuft-study chowing movement of Internal shock.



Scoop total-pressure recovery based on free stream, Py s/Po
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Scoop mass-{low ratio based on profile upstream'of inlet, m&/ml’s

(a) Mach 1.88.

(b) Mach 2.93.

Pigure 13. - Comparison of scoop total-pressure recovery as function of scoop mass flow for swept-scoop configurations
at Mach numbers 1.88 and 2.93.
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L - ] NACA RM ES53F16

Figure 14. - Sumary of peak total-pressure recovery for several systems of

Boundary-layer-removal system
Zero scoop mass flow
O Ram; sides removed; Scoop-blocked off
" straight leading edgeé downstream of
O Rem; swept leading edge inlet cowl lip
A No scoop; cowl slots .
(b is slot height)
92 O Ram; swept leading edge
: (curved wedge beneath
- -splitter plate) N
a .88 /’~\\\\E‘- ]
. i C
A )
o Original xam BCGOp; [
. 84— maximum scocp mass |-
& flow Lo S; ,/’/',// o
g // A
k.80 // /
é : ya /
8 7 /’
A //,//;//
-g // /I‘J‘ o
o //A(
4 72 / / ///
ﬂ : ] 1 Original ram 8CQOP;
zero scoop mass flow
i . R
885 .2 4 .6 8 1.0 1.2~ l.a

Boundary-layer . stoop height parsmeter, h/8

boundary-layér rénoval at Mach 1.88. Boundary-leyer thickness parameter

5/R, 0.093.
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]

Inlet total-pressure recovery, Py D/Pl,D
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Figure 15. - Effect of wedge boundary-lsyer
removal on inlet pressure recovery and mess
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flow at Mach 1.88.
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Inlet total-pressure recovery, Pp p/Py p
L4

U NACA RM ES3F16
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Boundary-layer
scoop height

parameter,
Y, }, h/8

0.467
.654
.988

1.133
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\
\
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A
34:11
400D

~~ ol ZEK/

-

SHAA

.7 .8 ' .9 : 1.0
Inlet mass-flow ratio; mD/ml,D
Figure 156. - Effect of wedge boundary-layer
removal on inlet pressure recovery snd mass .
flow at Mach 2.93, . e
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(2) b/é, 0.689; PZ,D/P1,D’ 0.756;
my/my p, 0.945.

(b) B/, 1.048; P, p/P; 1, 0.81L;

mDﬁnl,D, 0.947.

C-33033

(o) B/8, 1.413; Py p/P; p, 0.877;
mp/my 5, 0.868.

Figure 17. - Steady schlleren photographs of peak pressure conditlons for wedge model
at Mach 1.88. )
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- (a) h/s, 0.467; P, D/pl D 0.403; - -~ - (b) _h__/_g? 0.654; PZ,D/PI,D, 0.428;
mp/my,p, 0.992. S - mp/my p, 0.969.

(o) n/s, 0.988; P, D/P1 D 0.468; - ) (d.) B/8, 1.133; Py D/Pl pr 0-498;
mp/my,p, 0.978. LT "‘n/mln’og“z

mp/my pe O sse.

Figure 18. -~ Steady schlieren phot.ographs of peak mressure cond.itions for wedge model at
Mach 2.93.
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CG-6 back

NACA RM.ES3F16 AR

(b) b/5, 1.655; average -PZ,D/Pl,D’ 0.468; average m:D/ml,:D’ 0.833,

Figure 18. - Schlieren photographs of wedge model during unsteady operation at Mach

43

2.93.
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Static-pressure coefficient, Cp

NACA RM ES3F16

Boundary-layer
scoop height

A/_

reddule]
=
RN
a3y

Static orifices

>

Y

aw/

o
.2 < =t
\é
1
|
0 : .2 4 6 .8 1.0

Static orifice location, z/zp.y

Figure 20. - Wedge static-pressure. distributions with supercritical.

inlet operation at Mach 2.83.
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Static-pressure coefficient, C
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Static orifice location, z/zIﬂax
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Figure 21. - Wedge static-pressure dilstributions with supercritical

inlet operation at Mach 1.88.
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Pressure drag coefficient, Cd.P

VR NACA RM E53F16
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Figure 22. - Effect cf wedge héight and inlet-messe 7 ' ¥

flow on wedge pressure drag coefficient at"Mach 2,93.
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Figure 23. - Effect of wedge height and inlet mass
flow on wedge pressure drag coefficient at Mach 1.88.
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Inlet total-pressure recovery, Pz,D/Pl,D

NACA RM ES3F16

B i _ _
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e 3V}
Vol 2
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Boundary-layer
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.48 parameter,
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¥l
e
e ~
-B8
o/
.32
J)I-
.28
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Inlet mass-flow ratio, mD/ml,D
Figure 24. ~ Effect of cowl lip scoop boundary-layer

removel o inlet pressure recovery and mass flow at
Mach 2.93.
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Boundary-layer
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¥ Pigure 25. - Effect of cowl-lip scoop boundary-layer removal on

inlet pressure recovery and mass flow et Mach 1.88.
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L4

14414

(a) b/s, 0.313; PZ,D/PI,D, 0.395; (v) b/s, 0'-5035'?2,1)/1’1,13’ 0.420;
mD/ml,D, 0.992. ~ s - T

mD/ml’._D, 0.988. -

¢-33036
(c) n/s, 0.925; "Pz','ii/'rl,b"' 0.459;  (d) h/s, 1.254; PZ’D/Pl,D, 0.549;
mD/ml,D’ 0.942, . --_"_‘D_/n_‘l,D{ 0.872.

Figure 26. = Schlieren photogrsphs of peak pressure conditlons for cowl-lip scoop
model 8t Mach 2.93. S5 LA natetadutietii il it -3 o
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-

<t
oy
(22
(3]
A
Q a) b/8, 1.00; P. 0.826;
rg ( ) / 2 ; Z,D/'Pl,])} ’
mp/my p, 0.944. .
T
[£24
o

(b) bf5, 1.361; Pz,D/Pl,D, 0.944;
meml,D, 0.642.

Flgure 27. - Schlleren photographs of peak pressure conditlions for cowl-lip scoop model
at Mach 1.88.
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(b) b/8, 1.254; average PE,D/P?L,D’ 0.523; average mD/ml,D’ 0.765.

Figure 28, = Schlieren photographs of cowl=llp scoop removel system durlng unsteedy
operation at Mach 2,93,
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Inlet total-pressure recovery, Py D/P:L D
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Figure 29. - Comparison of peak total-pre
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systems at Mach 2.93.

ssure recovery for several boundary-layer-removal

OTHEGH WY VOVN

2g



Py 5/Po

~pressure recovery,

Inlet total
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Removal system g { \\
0O Swept scoop 7 Y ~— e
.48 N o 620 6! wedge /
A Cowl-lip scoop / /
| P

.36

.52

.2 4 6 ' .8 1.0 1.2 l:.4 1.6
Boundary-layer scoop height parameter, h/d

{b) Total pressure referenced to free-stream value.

1.8

Figure 29. - Concluded. Comparison of peak total-pressure recovery for several boundary-layer-removal systems

at Mach 2.93.
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Boundary-layer scoop height parameter, h/8
(a) Total pressure referenced to average total pressure shesd of inlet.

Filgure 30. - Comparison of peak total-pressure recovery for several boundary-

layer-removael systems at Mach 1.88.
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Inlet total-pressure recovery, PZ,D/PO

NACA RM ES3F16

Boundary-layer scoop height paramter, h/8
otal pressure referenc o free-gtream value.
(b) Total . ferenced to free-stream val

Figure 30. - Concluded. Comparison of peak total-pressure recovery for

seversl boundsry-layer-removal systems at Mach 1.88.
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Removal system W
[ ] Scoop
O Wedge
A Cowl-1lip scoop
96 Flagged symbols indicate
. h/% for maximum pressure
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Figure 31. - Critical inlet mass-flow ratilo, for several systems of boundary-
layer removel at Mach 2.893.
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Figure 32. - Critical inlet mass-flow ratio for several systems of boundary-layer

remeval at Mach 1.88.
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